Introduction
============

One of the key steps in ensuring equal partitioning of the genome during mitosis is the alignment of mitotic chromosomes at the cell/spindle equator to form the so-called metaphase plate. Chromosome congression to the metaphase plate is favored by chromosome--microtubule \[MT\] interactions, and key players for these interactions include several molecular motors (e.g., CENP-E at kinetochores \[KTs\] and chromokinesins along chromosome arms), structural KT components (e.g., Ndc-80 complex), and MT dynamics (for reviews see [@bib40]; [@bib38]). Once achieved, alignment at the metaphase plate must be maintained until the onset of anaphase, as anaphase in the presence of unaligned chromosomes would inevitably result in the formation of aneuploid daughter cells (for review see [@bib8]). Like chromosome congression to the metaphase plate, maintenance of alignment is believed to depend primarily on KT-associated motors (e.g., dynein, CENP-E), chromosome-associated motors (chromokinesins), biophysical properties of the KT--MT interface (e.g., compliance of Ndc-80 molecules), and regulators of MT dynamics (e.g., kinesin 13 and Aurora B kinase). Alignment at the spindle equator can be maintained when the forces that act on the chromosomes achieve a balance ([@bib23]; [@bib62]). However, despite maintenance of overall alignment at the metaphase plate, chromosomes are not necessarily static and the plus ends of KT-bound MTs (kMTs), and thus KT--MT attachments, remain dynamic during metaphase. In some cell types, including most animal tissue culture cells, fission yeast, and budding yeast, sister KT pairs at the metaphase plate oscillate back and forth ([@bib20]; [@bib49]; [@bib44]; [@bib48]; [@bib37]), and the chromatin between sister KTs is stretched to levels significantly above rest length ([@bib35]; [@bib30]; [@bib51]; [@bib63]). In other systems, such as *Xenopus laevis* egg extracts, *Drosophila melanogaster* embryos, *Drosophila* S2 cells, insect spermatocytes, oocytes, and higher plant cells, chromosomes do not exhibit oscillations ([@bib17]; [@bib34]; [@bib4]; [@bib35], [@bib36]; [@bib14]), although their centromeres are under tension, as indicated by the stretching between the two sister KTs. Finally, one interesting example is represented by PtK1 cells, whose chromosomes have been reported to exhibit different behaviors depending on the position along the metaphase plate. Sister KT pairs positioned at the edges/periphery of the metaphase plate (as defined by the long axis of the metaphase plate) or farthest away from the spindle long axis ([Fig. 1 A](#fig1){ref-type="fig"}) do not oscillate, whereas chromosomes in the middle of the metaphase plate or closer to the spindle long axis ([Fig. 1 A](#fig1){ref-type="fig"}) exhibit regular oscillations back and forth about the metaphase plate ([@bib9]; [@bib5]; [@bib63]).

![**Middle and peripheral sister KT pairs at the metaphase plate display significant differences in dynamics.** (A) Diagram illustrating how middle and peripheral KT pairs were defined with respect to the metaphase plate and the spindle long axis. In each cell analyzed, quantifications/measurements were performed for the two peripheral KT pairs (one on each side) and for two middle KT pairs, as illustrated in the diagram. (B and C) Representative examples of dynamics of middle (B) and peripheral (C) sister KT pairs in live metaphase PtK1 cells. (D) Distribution of the standard deviations of the distances from the pole for middle (blue) and peripheral (red) KTs. (E and F) Kinetic profiles of normalized P (F) and AP (E) movement for oscillating (middle) KTs. The solid lines through the kinetic data in E and F were obtained by fourth-degree polynomial fitting. The insets in E and F represent the normalized AP and P velocity kinetics obtained from the derivatives of the polynomial curves of AP and P movement, respectively. The data presented in this figure were obtained by analyzing 24 middle KT pairs and 16 peripheral KT pairs.](JCB_201301022_Fig1){#fig1}

Pioneering quantitative studies have analyzed how various components of the force--balance (FB) network may affect chromosome congression and maintenance of alignment at the metaphase plate (for review see [@bib62]), and the dynamics of chromosome oscillation at the metaphase plate have been carefully characterized in various experimental systems ([@bib49]; [@bib44]; [@bib37]). However, an investigation of the mechanisms responsible for differences in chromosome behavior within the same, unperturbed mitotic spindle is still lacking. Thus, we have used experimental data available for PtK1 cells to examine the dichotomy of chromosome oscillation at the metaphase plate in a quantitative framework. We have then validated this novel quantitative model by experimentally testing its predictions, thus attaining a detailed understanding of how the KT--MT interface modulates metaphase chromosome dynamics.

Results
=======

Dynamics of metaphase chromosomes in PtK1 cells: oscillating and steady KT pairs
--------------------------------------------------------------------------------

In PtK1 cells, KT pairs located in the middle and the periphery of the metaphase plate ([Fig. 1 A](#fig1){ref-type="fig"}) exhibit different dynamics. Although middle KT pairs undergo directional instability (oscillations between the poles; [@bib49]; [Fig. 1 B](#fig1){ref-type="fig"}), the peripheral KT pairs (the two outermost KT pairs, one on each side of the metaphase plate) remain stably positioned near the spindle equator, and do not oscillate ([Fig. 1 C](#fig1){ref-type="fig"}). This is indicated by the large standard deviations for the distances between middle KTs and spindle poles ([Fig. 1 D](#fig1){ref-type="fig"}, blue) as opposed to much smaller standard deviations for the distances between peripheral KTs and spindle poles ([Fig. 1 D](#fig1){ref-type="fig"}, red). The characteristic regular oscillations displayed by middle KTs produced characteristic kinetic profiles of poleward (P) and away-from-the-pole (AP) movements ([Fig. 1, E and F](#fig1){ref-type="fig"}), as well as characteristic P and AP velocity profiles ([Fig. 1, E and F](#fig1){ref-type="fig"}, insets), which were consistent with previously reported data ([@bib63]). Such profiles could not be obtained for peripheral KTs, as they only exhibited small (\<1 µm in amplitude) erratic movements ([Fig. 1, C and D](#fig1){ref-type="fig"}). Despite the differences in oscillations, the intra-KT distances for middle KT pairs did not differ from those observed for peripheral KT pairs (*t* test, P = 0.73), whereas the inter-KT distances only displayed slight differences (*t* test, P = 0.05; [Fig. 2](#fig2){ref-type="fig"}).

![**Middle and peripheral KT pairs display similar inter- and intra-KT distances.** (A) Example of a metaphase PtK1 cell immunostained for α-tubulin (purple), ACA (red), and Hec1 (green). The white arrow in A indicates the position and direction of the line scan for the fluorescence intensity profiles displayed in B and C. Bar, 5 µm. (B and C) Fluorescence intensity profiles obtained from a line scan along the arrow traced in A. The inter- and intra-KT distances were obtained by measuring the distance between the ACA peaks (B) and the Hec1 and ACA peak (C), respectively. This method was used to measure the inter- and intra-KT distances in two pairs of middle sister KTs and two pairs of peripheral sister KTs in each of 57 cells. The data obtained from these measurements are reported in D and E. (D) Distribution of inter-KT distances in metaphase PtK1 cells (1.90 ± 0.44 µm and 2.01 ± 0.40 µm for middle and peripheral sister KTs; *n* = 57 cells). (E) Distribution of intra-KT distances in metaphase PtK1 cells (0.11 ± 0.04 µm for both middle and peripheral sister KTs; *n* = 57 cells).](JCB_201301022_Fig2){#fig2}

FB model for metaphase chromosome dynamics in PtK1 cells
--------------------------------------------------------

To investigate the mechanism underlying chromosome alignment and dynamics in PtK1 cells, we modified the FB model initially developed to describe chromosome dynamics in the *Drosophila* embryo ([@bib11]) and adapted it to PtK1 cell metaphase chromosome dynamics by appropriately changing the model parameters (e.g., the number of MT attachment sites at the KT, MT dynamic instability (DI) parameters, velocity of poleward sliding motors), including a force-dependent detachment behavior of the KT (dynein and Cenp-E) and sliding motors, and assuming that the cohesin bonds between sister chromatids have viscoelastic properties ([Fig. S1, A--C](http://www.jcb.org/cgi/content/full/jcb.201301022/DC1){#supp1}; and Materials and methods). In this model, the sliding motors on the kMTs generate poleward-directed pulling/sliding forces (according to their force--velocity relationship), and it is simply assumed that the kMT minus ends at the spindle poles are depolymerized at the rate the kMTs slide into the poles. Thus, because in the model the sliding rate is equivalent to the kMT poleward flux rate, "sliding" and "flux" will be used interchangeably hereafter. The revised model accounted for many of the quantified aspects of the PtK1 chromosome dynamics, including the number of kMTs, the slow flux rates and MT dynamics, and their oscillation around the metaphase plate (Fig. S1, D and E), but did not reproduce the inter-KT oscillations: i.e., oscillations in the distance between a pair of sister KTs. Indeed, it has been recently reported that during metaphase, although sister KTs oscillate between the spindle poles with period *τ* (where τ is the duration of a full cycle, or the time it takes for a P-moving KT to return to the same position in a P-moving state), the distance between sister KTs oscillates with a period equal to half of that, i.e., τ/2 ([@bib63]).

We then tried to identify the possible mechanisms that could account for the observed differences in behavior between middle and peripheral chromosomes by varying the model parameters (e.g., the number of motors per KT, polar ejection forces \[PEFs\], cohesin force). The model predicts that, with the same MT dynamic parameters and MT flux rates, different behavior of the middle and peripheral KT pairs (oscillatory vs. steady) can be produced only if (a) there are higher PEFs at the spindle periphery compared with the middle of the spindle or (b) there are imbalances in the numbers of motors (dynein or CENP-E) at the peripheral versus middle KTs. Because in Ptk1 cells the largest chromosomes are always positioned at the periphery of the metaphase plate ([@bib55]), it is reasonable to think that the larger surface area of MT--chromosome interaction may result in higher PEFs. However, when we introduced higher peripheral PEFs, the model also predicted a reduction of the inter-KT stretch, which was inconsistent with the experimental data. Lower numbers of CENP-E or higher numbers of dynein at the peripheral KTs did not suppress oscillations and resulted in increased inter-KT distances, whereas higher numbers of CENP-E or lower numbers of dynein at the peripheral KTs suppressed oscillations, but also induced a reduction in inter-KT stretching, which is inconsistent with the experimental data. Moreover, quantification of KT-associated CENP-E and dynein did not reveal any difference between peripheral and middle KT pairs ([Fig. 3](#fig3){ref-type="fig"}). Thus, differences in the number of KT-associated motors could not explain the dichotomy of behavior between the middle and peripheral sister KT pairs, which suggests that, unlike in the fast *Drosophila* syncytial embryo mitosis ([@bib3]), the KT motors CENP-E and dynein do not play a major role in regulating metaphase chromosome dynamics in PtK1 cells.

![**Similar amounts of KT motors (CENP-E and dynein) accumulate at middle and peripheral KTs.** (A) Examples of metaphase PtK1 cells immunostained for CENP-E (top, first column) or dynein (bottom, first column) and ACA (second column). The chromosomes were stained with DAPI. In the merged images, DAPI is shown in blue, ACA in red, and the motors in green. Bar, 5 µm. (B and C) Quantification of CENP-E (B) and dynein (C) at the KTs of middle versus peripheral KTs (*n* = 46 cells) Error bars indicate mean ± SEM.](JCB_201301022_Fig3){#fig3}

New mathematical model: KT attachment to MTs through dynamic nonmotor, viscoelastic bonds
-----------------------------------------------------------------------------------------

Recent in vivo and in vitro studies have suggested a key role of nonmotor linkages between MTs and KTs in yeast and tissue culture cells ([@bib41]; [@bib31]; [@bib45]; [@bib1]; [@bib2]). Based on these studies and the observation that MT-attached KTs undergo intra-KT deformations ([@bib39]; [@bib56]; [@bib18]), we revised our FB model for chromosome motility to explore if dynamic nonmotor, viscoelastic bonds between MTs and KTs could account for the observed behavior of metaphase chromosomes in PtK1 cells. It is important to specify that the assumption that both the KT--MT bonds and the cohesin bonds have viscoelastic, instead of simply elastic, properties is essential to produce smooth rather than jerky KT movements, and ensures that the KT oscillations as well as the changes in intra-KT distances are smooth and similar to the dynamic behavior observed experimentally. Based on these assumptions, we considered viscoelastic dynamic linkages between the dynamic MT plus ends and the KTs, in the absence of MT-based motors ([Fig. 4, A--C](#fig4){ref-type="fig"}). Within this minimal FB approach, we wished (a) to address the question of whether dynamic viscoelastic attachments of the sister KTs to multiple and dynamic MT plus ends provide a robust attachment of metaphase sister KTs to MTs undergoing poleward flux; (b) to quantitatively address whether force-sensitive stochastic attachment/detachment of viscoelastic linkages coupled to MT poleward sliding/flux is sufficient to account for the experimentally observed chromosome behavior; (c) to identify which components, or properties of the components in the FB model (by inference, the molecules in the spindle), are at the core of the observed metaphase chromosome oscillations; and (d) to investigate which geometric property of, or inhomogeneity in, the spindle/chromosomes could govern the dichotomy in the behavior of metaphase sister KT pairs within the PtK1 spindle.

![**FB model description.** (A) Forces exerted on a (right) sister KT and a single kMT (note, each KT binds a bundle of kMTs, or k-fiber). (B) Close-up of the KT--MT interface and the viscoelastic Ndc80 complexes. (C) Mechanical properties of cohesin and Ndc80 complexes and positions of the kMT plus end, the KTs, and the Ndc80 bonds along the pole--pole axis. (D) Model equations.](JCB_201301022_Fig4){#fig4}

Our new FB model describes the dynamics of sister KT pairs, which interact, via viscoelastic linkages, with multiple MTs that undergo DI at their plus ends and slide poleward and depolymerize at their minus ends. It is worth noting that the viscoelastic linkages in our model could depend on the viscoelastic properties of any or all of the components of the KNL1--Mis12 complex--Ndc80 complex (KMN) network ([@bib6]) at the outer KT. However, because the Ndc80 complex has been shown to be the KMN subcomplex that directly binds MTs ([@bib7]; [@bib15]), we will refer to the Ndc80 complex as the key element in the KT--MT viscoelastic linkages of our model. In the model, the velocities of the sister KTs and the poleward flux/sliding velocities of the kMTs are dependent on the sum of the poleward and anti-poleward forces exerted on them by the cohesin links between the sister KTs, the bound Ndc80 complexes, the force exerted on the kMTs by the poleward flux motors/depolymerases "reeling in" or "sliding" the MTs poleward, and the viscous drag on the KTs and the MTs ([Fig. 4](#fig4){ref-type="fig"}). In the absence of forces generated by poleward-directed motors at the KT, the sole poleward force generators/transducers at the KT are the bound and stretched Ndc80 complexes. At a given time, different Ndc80 complexes anchored to the same kMT may exert forces of different magnitude, reflecting their current stretch/compression as a result of their uncoordinated stochastic attachment/detachment events. In the model, we assume that the binding rates of the Ndc80 complex to polymerizing or depolymerizing MTs are the same, but the detachment rates from polymerizing or depolymerizing MTs differ. Namely, we assume that the detachment of the Ndc80 complexes from depolymerizing MTs occurs in a biphasic, force-sensitive manner (it is high at low force, decreases at moderate force, then increases again under high force), whereas the detachment rate from polymerizing MT tips increases linearly with force (see Materials and methods; [Fig. 4 D](#fig4){ref-type="fig"}, [Fig. S2](http://www.jcb.org/cgi/content/full/jcb.201301022/DC1){#supp2}, and [Table 1](#tbl1){ref-type="table"}). In this minimal model, we do not account for additional poleward pulling forces that may stem from the power stroke/curling out of depolymerizing protofilaments ([@bib25]; [@bib2]) to which the Ndc80 complexes may be attached. We do not account for polymerization ratcheting forces at the inner-KT plate either, and simply assume that MT polymerization at the plus end stalls at a critical distance from the inner-KT plate. The specific assumptions of the model are summarized in [Table 1](#tbl1){ref-type="table"}. The model was initially constructed with a minimal set of assumptions ([Table 1](#tbl1){ref-type="table"}, first column), and the assumption set was gradually augmented ([Table 1](#tbl1){ref-type="table"}, second and third column), until the model reproduced the experimentally observed behavior of metaphase sister KT pairs. Based on the core equations in [Fig. 4 D](#fig4){ref-type="fig"}, a large set of coupled FB model equations (typically 52--102 equations, ranging from 25--50 kMT for each of the two sister KTs) was constructed. These equations were then solved numerically using a custom-made MATLAB script in an iterative process (see Materials and methods for details).

###### 

Model assumptions

  Core assumptions                                                                                                                                                      Added assumptions                                                                                                                            Assumptions vital for model's robustness
  --------------------------------------------------------------------------------------------------------------------------------------------------------------------- -------------------------------------------------------------------------------------------------------------------------------------------- -------------------------------------------------------------------------------------------------------------------------------------
  KTs attach to MTs through dynamic, viscoelastic, nonmotor linkages (Ndc80 complexes)                                                                                  Ndc80 complexes have different detachment kinetics for polymerizing/depolymerizing (GTP/GDP-tubulin) tips of MTs                             An MT plus end cannot depolymerize past an Ndc80 complex attachment position
  When bound to a MT, each extended/compressed Ndc80 complex exerts a force (e.g., poleward/anti-poleward) on its KT, and reciprocally to the MT to which it is bound   Ndc80 complexes behave as tension sensors (force-dependent kinetics)                                                                         Detachment of Ndc80 complex from polymerizing and depolymerizing MTs differs, both in the absence and the presence of tension force
  Ndc80 complexes bind to and detach from MTs independently from one another                                                                                            MT plus end catastrophe rate is length-dependent                                                                                             Ndc80 complex binds "weakly" to polymerizing and, in a biphasic way, "strongly" to depolymerizing MTs under moderate force
  Cohesin bonds between sister KTs behave as viscoelastic material                                                                                                      KT-bound MT plus-end catastrophe rate is growth rate--dependent (increases with decreasing growth rate)                                      
  Both KT-bound and free MT plus ends undergo DI                                                                                                                        KT-bound MT plus end rescue rate is regulated by tension forces exerted on it by the Ndc80 complexes (increased rescue under high tension)   
  A polymerizing MT plus end stalls when it reaches the inner KT                                                                                                                                                                                                                                                     
  MT minus ends slide polewards by sliding/flux motors and depolymerize at the rate the MTs are slid into the poles                                                                                                                                                                                                  

Model results: robust attachment of KTs to spindle MTs, and oscillations of middle sister KT pairs
--------------------------------------------------------------------------------------------------

The minimal model described in the previous section faithfully reproduces the metaphase oscillations of sister KTs (in amplitude and period) and the inter-KT distance observed in PtK1 cells ([Fig. 5, A--C](#fig5){ref-type="fig"}), including the recently documented period doubling in inter-KT distance for oscillating KT pairs ([@bib18]; [@bib63]; [Fig. 5 A](#fig5){ref-type="fig"}, green trace). The model also accounts well for several experimental observations, including inter- and intra-KT distance distributions ([Figs. 5, C and D](#fig5){ref-type="fig"}, respectively) for the oscillating sister KT pairs, the mean number and the evolution of the number of bound kMTs ([Fig. 5 E](#fig5){ref-type="fig"} and [Video 1](http://www.jcb.org/cgi/content/full/jcb.201301022/DC1){#supp3}; [@bib58]), and MT poleward flux rates ([@bib5]). In addition, the time evolution of the numbers of attached MTs and that of the bound Ndc80 complexes corresponding to the P- and AP-moving sister KTs ([Fig. 5, E and F](#fig5){ref-type="fig"}) provide insight into the KT change in direction from P to AP movement during oscillations, illustrating that it is the number of bound Ndc80 complexes and not the number of MTs that determines the switch (Video 1). Furthermore, the differences in the mean and maximal intra-KT stretch (i.e., the distance between the inner KT and the mean position of the MT-bound Ndc80 complexes, and the distance between the inner KT and the farthest attached Ndc80 complex, respectively) for the P- and AP-moving sister KT ([Fig. 4 C](#fig4){ref-type="fig"}), show that the maximal intra-KT stretch matches the recently documented data for PtK2 cells where the AP-moving sister was found to exhibit higher intra-KT stretch ([@bib18]; [Fig. 5, G and H](#fig5){ref-type="fig"}). Finally, the model can reproduce the experimentally observed P and AP kinetics (compare [Fig. 5, I and J](#fig5){ref-type="fig"}; and [Fig. 1, E and F](#fig1){ref-type="fig"}; [@bib63]). Both the model and the experimental data also show that the AP-moving KT reaches its maximum speed earlier than the P-moving KT ([Fig. 5, I and J](#fig5){ref-type="fig"}; and [Fig. 1, E and F](#fig1){ref-type="fig"}, insets; [@bib63]). In fact, these differences in acquisition of the maximal speed during P and AP movement are responsible for the observed period doubling in the inter-KT distance ([@bib18]; [@bib63]; [Fig. 5 A](#fig5){ref-type="fig"}). Our model suggests that this is due to the biphasic kinetics of the Ndc80 bonds attached to depolymerizing MTs, resulting in a slower turnover of the kMT bonds of the P-moving sister (under moderate tension), hindering the increase in P velocity until a critical tension level is reached. The proposed biphasic dissociation kinetics of Ndc80 complexes are not a general property of molecular motors and may underlie how different organisms use and rely on motor or nonmotor proteins for chromosome alignment and dynamics.

![**A model based on dynamic viscoelastic KT--MT bonds reproduces the dynamic behavior of middle sister KT pairs.** (A) KT--pole (left KT, red; right KT, blue) and inter-KT (green) distances, and cohesin rest length (purple) over time. The periods of sister KT and inter-KT oscillations (by fast Fourier transform) are 280 s and ∼5 min and 150 s and ∼2.5 min, respectively (compare with [Fig. 1 B](#fig1){ref-type="fig"}). (B) Position of sister KTs (left KT in red, right KT in blue) and spindle poles (black) over time (the spindle equator is set to zero). (C and D) Inter- (C) and intra-KT (D) distances produced by the model (2.31 ± 0.24 µm \[*n* = 400\] and 0.12 ± 0.01 µm \[*n* = 60\], respectively) shown side-by-side with the distance observed experimentally in live (inter-KT distances; *n* = 558) or fixed (intra-KT distances; *n* = 228) cells. Experimental data are shown in dark blue and model data are shown in light blue. The inset in D shows a close-up of the distribution of the data produced by the model. (E--H) Time evolution of the total number of attached MTs (17 ± 4 and 44% in depolymerization state; E), attached Ndc80 complexes (49 ± 19; F), and mean (G) and maximal (H) intra-KT distance of the left (red) and right (blue) sister KTs. In H, the maximum intra-KT distances and the corresponding sister KT positions for the left (red) and right (blue) sister KTs are shown over time. The gray and pink shaded areas mark the AP movement of the sister attached to the right and left pole, respectively. The AP-moving sister generally displays a higher intra-KT distance. (I and J) Kinetic profiles of normalized P (J) and AP (I) movement for oscillating KTs. The solid lines through the kinetic data in I and J were obtained by fourth-degree polynomial fitting. The insets in I and J represent the normalized AP and P velocity kinetics obtained from the derivatives of the polynomial curves of AP and P movement, respectively. Note, the slight differences between the model and the experimental results (I and J vs. [Fig. 1, E and F](#fig1){ref-type="fig"}, insets) can be explained by the fact that the time of the P-AP switch can be tracked with high precision in the model, but not in the experiments. This would account for the delay in the normalized time for reaching maximal velocity for both the AP- and P-moving sister KTs in the model results. An example of a model simulation of KT and kMT dynamics for an oscillating middle KT pair is shown in [Video 1](http://www.jcb.org/cgi/content/full/jcb.201301022/DC1){#supp4} (top).](JCB_201301022R_Fig5){#fig5}

The positive feedback, which results in sister KT oscillations about the metaphase plate, and the phase difference between the oscillatory behavior of the sister KTs causing the period-doubling of the inter-KT distance oscillations, can be understood as follows. At the spindle equator, the sister KTs initially have no advantage over one another in terms of forces, and their Ndc80 complex--MT bonds turn over with similar dynamics as they attach to MTs, stretch, and detach. However, when a KT stochastically acquires attachment to a higher ratio of depolymerizing/polymerizing MTs compared with its sister KT, and begins moving poleward slowly, it gains an advantage in "bond stability" for its depolymerizing kMTs. This is due to the biphasic force sensitivity of the detachment kinetics: at moderate tension, the Ndc80 bonds with depolymerizing MTs are stabilized (k~off~ is low), whereas those with low or high tension turnover rapidly. Furthermore, the P movement enhances the catastrophe frequency of polymerizing kMT plus ends, thus increasing the ratio of depolymerizing/polymerizing MTs further, and at the same time increasing the P movement rate of the KT, which relieves the tension on the Ndc80 complexes, allowing them to turn over for effective motility. When the sister KT begins its P movement, its sister KT may also initially take (smaller) poleward steps, but it quickly stalls, then begins AP movement due to increasing cohesin forces. As the AP-moving sister gains speed due to increasing cohesin pulling forces, the Ndc80-bound depolymerizing MTs either lose their attachment due to high tension (the biphasic force dependence) or switch to polymerization due to increased rescue frequency, enhancing the AP sister's disadvantage in the ratio of depolymerizing/polymerizing kMTs. As the P-moving KT approaches its pole, the PEFs slow down its movement, elevating the Ndc80 tension again, and either causing the Ndc80 complexes to detach from depolymerizing MTs or leading to a rescue event of the kMT plus ends, shifting the advantage to the sister KT.

A highly attractive feature of this minimal model is the robustness of the KT--MT attachments to changes in the model parameters. For example, changing (within a reasonable range, see [Table S1](http://www.jcb.org/cgi/content/full/jcb.201301022/DC1){#supp5}) the number of MT attachment sites per KT, the number of Ndc80 complexes per MT, or the MT plus end dynamic rates does not compromise faithful attachment of the KT to spindle MTs, and the qualitative aspects of chromosome dynamics are not affected. However, to reproduce certain specific aspects of chromosome dynamics observed experimentally, such as the period of inter- and intra-KT oscillations and the kMT number and poleward flux rates, fine-tuning of the parameters is required.

Model results: identification of parameters that suppress oscillations of the peripheral KT pairs
-------------------------------------------------------------------------------------------------

Next, we tested the model to identify changes in the parameters that could account for the observed behavior of the peripheral sister KT pairs ([@bib9]; [@bib5]; [@bib63]), characterized by small (\<1 µm in amplitude) erratic movements and lack of oscillations ([Fig. 1 C](#fig1){ref-type="fig"}). We tested several conditions, including differences in the number of kMTs per KT, PEFs, and MT sliding forces due to the geometry of the spindle (in these fairly flat mitotic PtK1 cells, the mean angle between the k-fiber and the peripheral KTs is 35°, in contrast with a mean angle of 90° for the middle KTs), differences in the catastrophe rate for the MT plus ends bound to the peripheral KTs (peripheral KTs have longer kMTs due to the geometry of the spindle and their position), and some combinations of the above possibilities (some shown in [Table 2](#tbl2){ref-type="table"}). We found that only a nonlinear distribution of the PEFs characterized by a sharp increase at short distance from the spindle equator (see Materials and methods; [Fig. 6 A](#fig6){ref-type="fig"}) led to the suppression of oscillations and at the same time produced inter- and intra-KT distances that matched the experimental data ([Table 2](#tbl2){ref-type="table"}; [Fig. 6, B--E](#fig6){ref-type="fig"}; and Video 1; see also [Fig. 6, F and G](#fig6){ref-type="fig"}; and Video 1 for evolution of the number of MTs and Ndc80 complexes). Indeed, simply decreasing the magnitude of the PEFs while maintaining a linear increase around the metaphase plate was not sufficient, as under these conditions oscillations were suppressed (as in [@bib52]), but the inter-KT distances were significantly higher than those observed experimentally. Thus, we propose that the distribution of PEFs differs in the middle and the periphery of the spindle in PtK1 cells, and this governs the observed dichotomy in behavior of middle and peripheral KT pairs. Specifically, our model suggests that although PEFs increase linearly around the spindle equator for middle KTs, they increase sharply for the peripheral KTs ([Fig. 6 A](#fig6){ref-type="fig"}). This finding is consistent with laser ablation studies in which reduced PEFs resulted in increased amplitude of oscillations ([@bib33]).

###### 

Model test for suppression of KT oscillations

  Tested condition                             Suppression of KT oscillations   Additional observed changes
  -------------------------------------------- -------------------------------- -------------------------------------------------------
  Higher kMT No. per KT                        No                               Increased inter-KT distance and oscillation amplitude
  Angular projection of sliding force (45°)    No                               Increased inter-KT distance
  Higher chromosome viscous drag coefficient   No                               Decreased oscillation amplitude and period
  Higher/lower *f~cat~*                        No/no                            Increased/decreased oscillation amplitude and period
  Higher/lower PEF (linear)                    Yes                              Significantly reduced/increased inter-KT distance
  Sharply increasing PEF (nonlinear)           Yes                              None

![**A nonlinear distribution of PEFs can suppress the oscillations of peripheral sister KT pairs.** (A) Distribution of PEFs in the spindle: for KT pairs in the middle of the spindle, the PEFs initially decrease linearly away from the equator then stay constant toward the poles (black line). In contrast, for KT pairs at the periphery of the spindle, the PEFs are very low near the equator, then increase sharply (nonlinear) to high levels (red line). See Materials and methods for additional quantitative details. (B) KT--pole (left KT, red; right KT, blue) and inter-KT distance (green), and cohesin rest length (purple) over time. Note the erratic dynamic behavior. (C) Position of sister KTs (left KT in red, right KT in blue) and spindle poles (black) over time, compare with [Fig. 1 B](#fig1){ref-type="fig"}. (D and E) Inter- (D) and intra-KT (E) distances produced by the model (2.22 ± 0.16 µm \[*n* = 400\] and 0.12 ± 0.01 µm \[*n* = 60\], respectively) shown side-by-side with the distances observed experimentally in live (inter-KT distances, *n* = 530) or fixed (intra-KT distances, *n* = 228) cells. Experimental data are shown in dark red and model data are shown in light red. The inset in E shows a close-up of the distribution of the data produced by the model. (F and G) Time evolution of the total number of attached MTs (16 ± 3 and 42% in depolymerization state; F) and the total number of attached Ndc80 complexes (44 ± 16; G) for the left (red) and right (blue) sister KTs. An example of a model simulation of KT and kMT dynamics for a nonoscillating peripheral KT pair is shown in [Video 1](http://www.jcb.org/cgi/content/full/jcb.201301022/DC1){#supp6} (bottom).](JCB_201301022R_Fig6){#fig6}

Model predictions and experimental tests
----------------------------------------

Our model makes several testable predictions (a--d below), some of which are supported by recently published work and some others that have been experimentally tested here.

\(a\) As the sister KTs begin their excursion, the fraction of kMTs in depolymerization/polymerization state for the P-moving chromosome initially increases, then decreases, while that of the AP-moving sister initially diminishes rapidly, then remains constant (low) until turnaround.

\(b\) Both the average and the maximal intra-KT distance oscillate. Specifically, the maximal intra-KT stretch of the AP-moving sister KT is, on average, larger than that of the P-moving chromosome, and it oscillates with a period roughly twice that of the sister KT oscillations about the metaphase plate ([Fig. 5, G and H](#fig5){ref-type="fig"}). Recent work by [@bib18] in PtK cells showed that, indeed, the intra-KT stretch for P- and AP-moving KTs is different (intra-KT distance for P-moving KT was smaller than for AP-moving KT), providing support to our model results.

\(c\) When the detachment rate of the Ndc80 complex from MTs is inhibited, the sister KTs become hyperstretched ([@bib15]; [Fig. 7, A and C](#fig7){ref-type="fig"}) solely due to the poleward sliding/flux of kMTs bound to the sister KTs. Therefore, coinhibition of poleward flux will reduce the inter-KT stretch ([Fig. 7, C and D](#fig7){ref-type="fig"}), but maintain fully attached (thick k-fibers) sister KTs. To test this prediction, we performed microinjection experiments with antibodies to the N terminus of Hec1 (as in [@bib15]) and/or Kif2a (provided by D. Compton, Geisel School of Medicine at Dartmouth, Hanover, NH), which is believed to be the major depolymerase at the spindle poles responsible for MT poleward flux ([@bib22]; [@bib21]). Indeed, pilot experiments showed that injection of Kif2a antibodies in PtK1 cells significantly reduced poleward flux of kMTs (unpublished data). Such reduction in MT poleward flux produced a decrease in the inter-KT distance compared with uninjected cells ([Figs. 7, E, F, I, J, M, and N](#fig7){ref-type="fig"}; and [Video 2](http://www.jcb.org/cgi/content/full/jcb.201301022/DC1){#supp7}), as predicted by our model ([Fig. 7, A and B](#fig7){ref-type="fig"}). Injection of Hec1 antibodies, however, induced a significant increase in inter-KT stretching ([Fig. 7, G, K, and O](#fig7){ref-type="fig"}; compared with [Fig. 7, E, I, and M](#fig7){ref-type="fig"}; and Video 2), which supports our model prediction ([Fig. 7, C and A](#fig7){ref-type="fig"}) and confirms previous observations ([@bib15]). Importantly, when we coinjected Hec1 and Kif2a antibodies, we observed a significant reduction of inter-KT stretching ([Fig. 7, H, L, and P](#fig7){ref-type="fig"}; and Video 2) as compared with injection of the Hec1 antibody alone ([Fig. 7, G, K, and O](#fig7){ref-type="fig"}; and Video 2), once again supporting our model predictions ([Fig. 7, C and D](#fig7){ref-type="fig"}).

![**Inter-KT hyperstretching caused by reduced kMT detachment rates can be rescued by simultaneous reduction of MT poleward flux.** (A--D) Model simulation results of the distribution of inter-KT distances under different conditions (*n* = 4 KT pairs in all cases). (E--H) Experimentally determined distribution of the inter-KT distances under different conditions. Reduction of MT poleward flux was achieved by microinjection of anti-Kif2a antibodies (F, *n* = 12 KT pairs); reduction of kMT detachment rate was achieved by microinjection of anti-Hec1 antibodies (G, *n* = 7 KT pairs); simultaneous reduction of MT poleward flux and kMT detachment rate was achieved by coinjection of the two antibodies (H, *n* = 12 KT pairs); HEK buffer injection (E, *n* = 8 KT pairs) was used as a control. (I--L) Time series of 19 frames (acquired at 20-s intervals) displaying individual KT pairs from videos of HEC1-GFP PtK1 cells microinjected as indicated in the figure labels. The last frame in each series represents anaphase onset. (M--P) Box plots of inter-KT distances in cells microinjected as indicated in the figure labels. Each dot in the graphs represents the median value of inter-KT distances obtained for different KT pairs (*n* = 8, 12, 7, and 12 KT pairs for M, N, O, and P, respectively) from 4--7 cells at the same time point; the boxes represent the 25th-75th percentile range; the whiskers extend to the most extreme data points not considered outliers. All the graphs display data for a 10-min interval preceding anaphase (up to 1 min before anaphase onset). Examples of microinjected cells can be viewed in [Video 2](http://www.jcb.org/cgi/content/full/jcb.201301022/DC1){#supp8}.](JCB_201301022_Fig7){#fig7}

\(d\) Forces generated by poleward flux motors on spindle MTs coupled to dynamics of MT plus ends at the KT are sufficient to generate the experimentally observed inter- and intra-KT stretching. Indeed, simulations in which the poleward flux was reduced produced a reduction in inter-KT stretch ([Fig. 7 B](#fig7){ref-type="fig"}) compared with controls ([Fig. 7 A](#fig7){ref-type="fig"}). This prediction was supported by our experimental observation of reduced inter-KT stretch in cells microinjected with Kif2a antibodies ([Fig. 7, F, J, and N](#fig7){ref-type="fig"}; compared with [Fig. 7, E, I, and M](#fig7){ref-type="fig"}; and Video 2).

Discussion
==========

The data presented here highlight how differences in the distribution of PEFs can affect metaphase chromosome oscillations, and suggest that biphasic, force-dependent detachment kinetics of Ndc80 complexes can drive the inter-KT distance oscillations observed in metaphase for oscillating sister KT pairs. Instead, the length- and polymerization rate--dependent catastrophe frequency, and the tension-dependent rescue frequency of MT plus ends, play more subtle roles by coordinating the dynamics of the plus ends of MTs attached to sister KTs to achieve efficient motility and, together with the viscoelasticity of cohesin and Ndc80 complexes, contribute to the smoothing out of the otherwise jerky chromosome movements.

What causes the inhomogeneity in the distribution of PEFs within the PtK1 cells' metaphase spindle?
---------------------------------------------------------------------------------------------------

We found that a difference in the distribution of the PEFs at the periphery versus the middle of the spindle can explain the differences in oscillations between peripheral and middle KT pairs in PtK1 cells. The predicted difference between the PEFs exerted on middle versus peripheral KTs can be explained by several specific features of PtK1 mitotic cells: (a) the chromosomes aligned at the periphery of the metaphase plate always correspond to the two chromosomes 1 ([@bib55]), which are large acrocentric chromosomes, with a very long q arm ([@bib55]). Such large arm size results in high baseline PEF magnitude for peripheral KTs (see Materials and methods for further details). (b) Chromosomes at the periphery are fully exposed to non-KT MTs, whereas middle chromosomes are partly shielded due to the crowding in the middle of the metaphase plate, where each chromosome is surrounded by other chromosomes. (c) Because the KT-to-pole distance is greater for peripheral KTs, the length-dependent catastrophe frequency of MT plus ends ([@bib60]) gives rise to a sharp drop in PEFs in close proximity to the spindle equator. Thus, the peripheral chromosome arms are exposed to low PEFs within a narrow region right around the spindle equator, but are exposed to sharply increasing PEFs as soon as they move away from the equator ([Fig. 4 A](#fig4){ref-type="fig"}).

One could argue that other forces arising from the great "crowding" within the mitotic spindle may affect the dynamics of metaphase chromosome behavior. For instance, forces exerted by chromosome arms bumping into one another, the inability of MTs to interact with all chromosomes in the same manner, and elastic MT forces exerted on the chromosomes are additional (stochastic) factors that are not considered in our model. However, the experimentally observed regularity of the middle sister KT oscillations suggests that the sum of these forces are of negligible magnitude compared with the forces that drive KT movements. In fact, the "crowded" organization of the spindle would also cause chromosome arms to shield their neighboring chromosomes from spindle MTs, particularly in the context of the middle KTs. We suggest that this would contribute significantly to the proposed differences in the PEFs for the middle and peripheral sister KTs, yielding a sharp increase of the PEFs around the spindle equator for the peripheral sister KTs, with no neighbors, and a linear increase in PEFs around the spindle equator for the middle sister KTs, with many neighbors. Thus, the averaged sum of forces due to crowding is implicitly included in our current model via the PEF profiles for the middle and the peripheral sister KTs ([Fig. 6 A](#fig6){ref-type="fig"}).

Comparison with previous models
-------------------------------

The model developed and presented here is closely related to the model developed by [@bib32] for PtK1 chromosome dynamics, where the authors investigated the Hill-sleeve model ([@bib26]) in an FB approach. Our model differs from theirs in the following ways: first, the [@bib32] model did not consider poleward flux of kMTs. Next, in the Joglekar-Hunt model the attachment sites of KTs to each MT are arranged in series in form of a "sleeve," with multiple sleeves per KT, arranged in parallel. The sleeves are linked to the KT through springs (elastic bonds). In this way, the poleward movement of a sleeve with respect to its MT requires the detachment and rebinding of all bonds, setting a large energy barrier for the movement at high sleeve insertion depths. This mechanism effectively prevents the poleward movement of a sleeve (and hence its KT) when the MT is in polymerization state, which leads to deeper insertion of the MT into the sleeve, while favoring the poleward movement of a sleeve (and hence its KT) when the MT is in a depolymerization state, which reduces the insertion depth. Thus, in the Joglekar-Hunt model, the primary factor driving P and AP KT movement is MT dynamics. In contrast, individual KT--MT bonds (Ndc80 complexes) are independent from one another in our model, and although the primary factor driving the P movement is poleward flux by pulling on the MT-bound Ndc80 complexes, the depolymerization rate of kMT plus ends is governed by the dynamics of the bonds, which in turn are regulated by tension forces. Like [@bib32], we assume that the bonds have a high affinity for the MT, but in our model, these bonds detach in a force-sensitive manner, with different kinetics, from polymerizing and depolymerizing MT tips, and independently from one another. Specifically, we assume that when a bond is under moderate levels of tension, detachment is favored from a polymerizing MT tip, and suppressed from a depolymerizing MT tip (prolonging the bond half-life on depolymerizing MTs), but at high levels of tension, detachment is also favored from a depolymerizing MT tip ([@bib1]). Consequently, in contrast with what is observed in the Joglekar-Hunt model, in our model bonds with a polymerizing MT are generally "weak," and those with a depolymerizing MT are generally "strong." In addition, we assume that the tension exerted on an MT tip by the KT--MT bonds is sufficient to alter MT plus end dynamics to account for the slip-clutch mechanism proposed by others ([@bib36]).

Other FB models have also been developed to account for the metaphase chromosome behavior in *Drosophila* or fission yeast ([@bib11]; [@bib13]; [@bib24]). The FB model developed by [@bib13] addresses the correction of merotelic attachments in fission yeast during anaphase and does not account for amphitelic KT pairs. This model is derived from a previous model ([@bib11]) with additional and significant simplifying assumptions. Similarly to the model by [@bib13], another quantitative model, recently developed by the Tournier group to account for the dynamics of amphitelic KT pairs in fission yeast ([@bib24]), relies upon a macroscopic approach. There too, all KT components are represented by a homogeneous viscoelastic "unit" that can attach/detach from MTs, and neither individual MTs' plus-end positions and dynamics nor the reciprocal effect of the KT and the MT plus end dynamics on the attachment to/detachment from the KT are considered. Furthermore, because individual MTs are not accounted for, an MT is assumed to instantly switch to polymerization or depolymerization and to follow the direction of the KT upon attachment. Therefore, the questions that form the basis of our study---namely (a) how are the growth/shrinkage state and rate of different MTs attached to each KT coordinated, and (b) how is the movement of the sister KTs coordinated to give rise to the observed movements of sister KT pairs---are not and cannot be addressed in the framework proposed by [@bib24].

The framework of the FB model developed for the fast mitosis of the *Drosophila* embryo ([@bib11]) forms the basis of the model presented here. This primary model, which relied on a major role of the two antagonistic KT motors dynein and CENP-E, and the two members of the kinesin-10 family MT depolymerases located at the KTs and at the spindle poles, can be adapted to account for many aspects of the metaphase chromosome dynamics in PtK1 cells, specifically by incorporating force-sensitive detachment rates for the KT motors dynein and CENP-E. However, the experimental test of this model's predictions on the observed dichotomy in the behavior of middle and peripheral KTs in PtK1 cells fails to validate the model and its central assumption that motors drive metaphase chromosome dynamics in PtK1 cells. In addition, with this model, we could not identify a set of parameters that could account for the observed period doubling of inter-KT stretch ([@bib63]). This suggests that the KT motors dynein and CENP-E may be functioning as a back-up (error correction) or fine-tuning mechanism for the KT--MT attachment enabled by nonmotor linkages that drive the metaphase chromosome dynamics in PtK1 cells, and underscores how even highly conserved molecular mechanisms may be differentially deployed in different organisms.

The importance of understanding KT dynamics
-------------------------------------------

The model developed in this study incorporates important emerging features of the eukaryotic KT and recapitulates the complex dynamic behavior of metaphase chromosomes in PtK1 cells. As such, this model can be extended to account for chromosome behavior in other cell types by altering specific parameters and adding forces resulting from plus and/or minus end--directed motors at the KT to the core model equations. Moreover, this model can be used to investigate the behavior and dynamics of misattached KTs. Finally, the work presented here sets the quantitative framework to investigate the role of various mechanisms, such as the gradient of centromeric Aurora B, the dynamics of Ndc80 attachment and detachment, the MT plus end dynamics, and the MT poleward sliding forces, proposed to contribute to correction of KT misattachments ([@bib22]; [@bib10]; [@bib15]). Indeed, whereas chromosome oscillations are not absolutely required for the execution of mitosis, as several cell types that do not display chromosome oscillations can successfully segregate their chromosomes, the dynamics of oscillation or lack thereof inform us on the dynamics of KT--MT interactions, which play a key role in the correction of KT misattachments. Thus, the model developed here will be invaluable in helping us understand the correction mechanisms of KT misattachment that are essential to prevent chromosome missegregation and aneuploidy.

Materials and methods
=====================

Experimental methods
--------------------

### Generation of HEC1-GFP PtK1 cell line.

A PtK1 cell line stably expressing the human HEC1 gene fused in frame with the EGFP was produced through the transduction of retroviral particles according to the instructions for high-titer retrovirus production provided by Takara Bio Inc. The EGFP-N1 plasmid carrying the *HEC1* gene was a gift from J. DeLuca (Colorado State University, Fort Collins, CO). In brief, the *HEC1-EGFP* gene was initially subcloned into the XhoI and NotI sites of the pLNCX2 retroviral vector (Takara Bio Inc.) that harbors the Ψ packaging sequence. To produce high-efficiency retroviral particles, we transfected the packaging GP2-293 cells (Takara Bio Inc.), carrying the viral *gag* and *pol* genes, with the pLNCX2-*HEC1-EGFP* plasmid together with the VSV-G vector (Takara Bio Inc.) that provided the viral envelope gene (*env*). The resulting retroviral particles were used to infect PtK1 cells that were subsequently placed under selection in Geneticin-containing media to obtain the final HEC1-GFP PtK1 cell line used in this study.

### Cell culture.

PtK1 and HEC1-GFP PtK1 cells were grown in HAM's F-12 media (Invitrogen) supplemented with 5% sodium pyruvate (Invitrogen), 1% antibiotic-antimycotic (Invitrogen), and 10% fetal bovine serum (Invitrogen), and maintained at 37°C in a humidified CO~2~ incubator. For experiments, cells were grown on sterilized acid-washed coverslips inside 35-mm Petri dishes for 48 h before fixation/observation.

### Immunostaining.

For Hec1/anti-centromere antigen (ACA)/α-tubulin staining, cells were prefixed in freshly prepared 4% formaldehyde for 5 s before a 5-min lysis in 0.5% Triton X-100 in PHEM buffer (60 mM Pipes, 25 mM Hepes, 10 mM EGTA, and 2 mM MgSO~4~, pH 7.0) and a 20-min fixation in 4% formaldehyde. For CENP-E and dynein staining, cells were briefly rinsed in PBS, fixed in freshly prepared 4% formaldehyde for 20 min, and then permeabilized with 0.1% Triton X-100 in PHEM buffer for 10 min. A 1-h block in 10% boiled goat serum (BGS) at room temperature was followed by overnight incubation with primary antibodies diluted in 5% BGS in PHEM buffer at 4°C. Cells were then washed four times in PBS with 0.1% Tween 20 (PBST), incubated with secondary antibodies for 45 min, washed in PBST, stained with DAPI, and mounted on microscope slides with an anti-fading solution containing 90% glycerol, 10% Tris buffer, and 0.5--1% *n*-propyl gallate. Primary antibodies were diluted as follows: human ACA (Antibodies Inc.), 1:100; mouse anti-Hec1 (Abcam), 1:500; rabbit anti-tubulin (Abcam), 1:200; rabbit anti--CENP-E (a gift of T. Yen, Fox Chase Cancer Center, Philadelphia, PA), 1:200; and mouse anti--dynein-IC (Sigma-Aldrich), 1:100. Secondary antibodies were diluted as follows: Red-X-goat anti--human (Jackson ImmunoResearch Laboratories, Inc.), 1:100; Cy5 goat anti--rabbit (Invitrogen), 1:100; and Alexa Fluor 488 goat anti--mouse (Invitrogen), 1:200.

### Microinjection.

Kif2a antibodies were purified by IgG affinity purification (Nab Spin kit; Thermo Fisher Scientific) from rabbit anti-Kif2a total serum (a gift of D. Compton, Geisel School of Medicine at Dartmouth, Hanover, NH). For microinjection, both Kif2a and Hec1 9G3 (Abcam) antibodies were dialyzed and concentrated into HEK buffer (20 mM Hepes, 100 mM KCl, and 1 mM DTT, pH 7.7) to a final concentration of 1.45 mg/ml. Cells were injected with HEK buffer alone (controls), Kif2a, or Hec1 9G3 antibody solution diluted 1:1 in HEK buffer (Kif2a alone or Hec1 alone), or a 1:1 mixture of Kif2a and Hec1 9G3 antibodies (Kif2a + Hec1 antibody coinjection). For microinjection, coverslips with HEC1-GFP PtK1 cells were mounted into modified Rose chambers ([@bib46]) without the top coverslip and incubated at 37°C with Phenol red--free L-15 media (Gibco) complemented with 4.5 g/liter glucose and covered with mineral oil to prevent evaporation. A volume corresponding to ∼5% of the cell volume was injected into late prometaphase/early metaphase cells using a micromanipulator (NT-88-V3; Narishige) and a microinjection system (PLI-100A; Harvard Apparatus).

### Microscopy and image acquisition.

For inter- and intra-KT stretching analysis, immunostained cells were imaged with a swept field confocal unit (Prairie Technologies) attached to a microscope (Eclipse TE2000-U; Nikon). For CENP-E and dynein fluorescence intensity quantification, immunostained cells were imaged with an inverted microscope (Eclipse Ti; Nikon) with a Lumen 200PRO fluorescence illumination system (Prior Scientific). This latter setup was also used for live-cell imaging of microinjected cells. Both microscopes were equipped with motorized stages (Prior Scientific), and on both microscopes images were obtained with an HQ2 charge-coupled device camera (Photometrics), using a 100×/1.4 NA Plan-Apochromatic phase-contrast objective lens. Digital images were acquired using the NIS Elements software (Nikon). For fixed cells, z-series stacks were obtained at 0.6-µm steps. A dataset obtained during a previous study ([@bib9]) was used for initial characterization of chromosome dynamics ([Fig. 1, B--F](#fig1){ref-type="fig"}). For the microinjection experiments described in [Fig. 7](#fig7){ref-type="fig"}, imaging began shortly after injection. Near-simultaneous phase contrast and single focal plane epifluorescence images were acquired every 20 s for at least 11 min.

### Image analysis.

For each cell, measurements were taken on four pairs of sister KTs. Two pairs closest to the spindle long axis were chosen as representative of the middle KT pairs ([Fig. 1 A](#fig1){ref-type="fig"}), whereas the two outermost pairs of sister KTs (one on each side of the spindle axis, at the periphery of the metaphase plate) represented the peripheral KT pairs ([Fig. 1 A](#fig1){ref-type="fig"}). To measure the inter- and intra-KT distances, fluorescence intensity profiles for the ACA and Hec1 signals were generated automatically by the NIS Elements software. The inter-KT distance was measured as the distance between the two centroids of the X-rhodamine--labeled ACA within a sister KT pair ([Fig. 2 B](#fig2){ref-type="fig"}). The intra-KT distance was measured as the distance between the centroids of the X-rhodamine--labeled ACA and the Alexa Fluor 488--labeled Hec1 fluorescent signals within a single KT ([Fig. 2 C](#fig2){ref-type="fig"}). KT fluorescence intensity of various antigens was measured with ImageJ using a method adapted from [@bib27]. Two circles with diameter of 1.12 µm and 1.47 µm (with area A~inner~ and A~outer~) were centered over each KT on an appropriate focal plane, and the integrated intensity was measured for each circle and as F~inner~ and F~outer~. The mean background fluorescence (F~meanbg~) was represented by the mean fluorescence in the ring area between the two circles: F~meanbg~ = (F~outer~ − F~inner~)/(A~outer~ -- A~inner~). The total fluorescence intensity of the protein is: F = (F~inner~/A~inner~ -- F~meanbg~) × A~inner~. The total fluorescence intensity for the motor protein of interest was represented as a fraction of the ACA fluorescence intensity at the same KT.

### KT tracking.

Two middle and two peripheral KT pairs ([Fig. 1 A](#fig1){ref-type="fig"}) were tracked for each time-lapse video. Alexa Fluor 488 anti--CENP-F signals ([Fig. 1, B--F](#fig1){ref-type="fig"}) were tracked automatically using a previously developed MATLAB (MathWorks) program ([@bib63]). HEC1-GFP signals were tracked manually aided by the same MATLAB program ([@bib63]). KT position was defined as the Alexa Fluor 488/GFP signal centroid based on a 2D Gaussian fitting method ([@bib63]).

Modeling methods
----------------

In all descriptions of the modeling methods, the sister chromatids' behavior is described along the pole--pole axis of the spindle, in one dimension. The positions of the KT and the MT plus and minus ends correspond to distances from the spindle equator, located at the origin (*x* = 0), and the positions of the left and right spindle poles are *x* = −6.5 and *x* = 6.5 µm, respectively, mimicking the metaphase steady-state spindle length of ∼13 µm in PtK1 cells. All forces and velocities associated with the right and left KTs and kMTs are assumed to be positive in the poleward direction (toward the right pole for the KT tethered to the right pole, and toward the left pole for the KT tethered to the left pole). The time-dependent position of the right and left sister KTs ($X_{KT}^{R}$ and $X_{KT}^{L}$), the right and left KT attached i^th^ kMT's plus end ($x_{kMT,i}^{R}$ and $x_{kMT,i}^{L}$), and the pole proximal end of the right and left sister KT's i^th^ kMT's k^th^ Ndc80 complex ($x_{Ndc80}^{R_{i,k}}$ and $x_{Ndc80}^{L_{i,k}}$) are all measured with respect to the spindle equator ([Fig. 4, A--C](#fig4){ref-type="fig"}). The time-dependent velocities of the right and left sister KTs, and the poleward sliding/flux velocity of the i^th^ kMT attached to the right and left sister KT, are: $v_{chr}^{R}$, $v_{chr}^{L}$, $v_{kMT,i}^{R}$, and $v_{kMT,i}^{L}$, respectively ([Fig. 4 C](#fig4){ref-type="fig"}).

In our models, we make the following simplifying assumptions:

\(a\) The motility events examined here are exclusively driven by an intrinsic balance of forces generated in the spindle.

\(b\) Throughout metaphase, spindle length (pole--pole distance) is maintained by a balance of antagonistic forces generated at antiparallel overlapping interpolar MTs and by astral MTs. In this model, as in previous considerations of KT positioning ([@bib32]; [@bib11]), we do not address how changes in spindle pole positions can/may affect KT positions and vice versa.

\(c\) All motor protein/nonmotor linkage (Ndc80 complex)-generated forces at the KTs or on the MTs are additive. For motor proteins, the total force depends linearly on the total number of attached/active force generators (i.e., motors share the load equally). For nonmotor linkages (Ndc80 complexes), the force exerted on the MT and the KT by each molecule is proportional to its tension/compression. We assume that all motor enzymes considered have linear force-velocity relationships, and the attachment/detachment kinetics of each motor in response to applied force is considered explicitly in a Monte-Carlo approach in the current models ([@bib12]; [@bib53]; [@bib57]).

\(d\) Active MT depolymerases (kinesin-13) located at the spindle poles depolymerize the kMT minus ends at the same rate at which MTs slide into the poles through the action of sliding motors, and additional poleward pulling forces which may result from the depolymerization activity of depolymerases are not accounted for.

### Model framework.

Both models consist of a large set of coupled FB equations describing the poleward and anti-poleward forces exerted on the left and right sister KTs, and on each kMT attached to the left and right sister KT ([Fig. 4, A and D](#fig4){ref-type="fig"}). The forces accounted for in the models are:

\(a\) For each sister KT: (1) cohesin-generated forces (AP directed); (2) sum of forces generated by attached and active KT motors (or Ndc80 complexes) at the KT (P or AP directed); (3) PEFs (AP or P directed); (4) polymerization ratcheting forces generated by kMT plus ends which impinge on the inner KT plate (AP directed; only accounted for in the KT-motor model); and (5) viscous drag forces on the chromosome (P or AP directed).

\(b\) For each kMT attached to a KT: (1) sum of poleward sliding motor--generated forces (P directed); (2) sum of the kMT-attached and active KT motor (or kMT-attached Ndc80 complex)-generated forces (AP or P directed); and (3) polymerization ratcheting forces generated by the kMT plus end when it impinges on the inner KT plate (P directed; only accounted for in the KT-motor model). We neglect the viscous drag forces on the kMT ([@bib28]).

\(c\) MTs not attached to the KT but within the k-fiber are assumed to flux poleward by sliding and depolymerization at the mean sliding rate of the kMTs of the k-fiber.

Because the velocities of the KTs and the kMTs (i.e., the time-derivatives of their position $dX_{KT}^{R}/dt = v_{chr}^{R}$, $dX_{KT}^{L}/dt = v_{chr}^{L}$, $dX_{kMT}^{R,i}/dt = v_{sliding}^{R,i}$, and $dX_{kMT}^{L,i}/dt = v_{sliding}^{L,i}$), are determined by the forces acting on them at any given time, the solution to the large set of coupled ordinary differential equations (ODEs) formed as described in a--c yields the dynamics of the sister KTs and the kMTs over time. In this system of ODEs, the two equations for the sister KTs are coupled through the cohesin forces proportional to $X_{KT}^{R}$ − $X_{KT}^{L}$, whereas the equations for the left and right sister KTs' kMTs are coupled to one another via the velocity of their respective KT.

### Sliding motor/dynein/CENP-E force--velocity relationship and force-dependent detachment rates.

In both models considered here, similarly to [@bib11], we assume that the motor proteins (dynein, CENP-E, and sliding motors, as it applies) have a linear force--velocity relationship ([@bib57]), described by$$F\left( v \right) = F_{stall}\left( {1 - \frac{v}{V_{sliding}^{max}}} \right),$$where *v* is the time-dependent velocity of the motor on its MT track. In addition, we assume that the motors detach from the MTs in a force-dependent manner, described by$$k_{off}^{motor}\left( f \right) = k_{off}^{motor}\left( 0 \right)\text{exp}\left( \frac{f}{F_{det}^{motor}} \right),$$where $k_{off}^{motor}\left( 0 \right)$ and $F_{det}^{motor}$ are the detachment rate in the absence of load, and the force at which the detachment rate increases e-fold, respectively.

### MT plus and minus end dynamics.

As in [@bib11], we assume that the plus ends of kMTs undergo DI, whereas the minus ends are depolymerized by the combined action of poleward sliding and depolymerization ([@bib43]; [@bib42]; [@bib47]). The DI of the MT plus ends is characterized by four parameters: *v~g~*, *v~s~*, *f~cat~*, and *f~res~* ([@bib61]). We assume that the MTs' growth (polymerization) and shrinkage (depolymerization) rates are hindered by a factor *k~vg~* and *k~vs~* when the MT tip penetrates into the outer KT. The "boundary/edge" position of the outer KT is defined differently in the motor protein-- and nonmotor linkage--based models considered here. In the motor protein--based model, where dynein and CENP-E are considered, the "edge" of the KT is set at 0.2 µm in the poleward direction (intra-KT distance) from the position of the inner KT-plate, and this intra-KT distance is constant over time. In the viscoelastic linkage-based model, where Ndc80 complexes provide the sole link between the KT and the MTs, the position of the outer KT edge for each sister KT is defined as the current position of their most stretched Ndc80 complex's attachment site to the kMT ([Fig. 4 C](#fig4){ref-type="fig"}). Among the DI rates, the catastrophe and rescue frequencies of the plus ends of MTs that are not attached to the KTs are defined by $f_{cat}^{0}$ and $f_{res}^{0}$, respectively. For kMTs, however, these frequencies are assumed to be regulated differently in the two models considered here, and are explained in the following sections in each case.

### Distribution of PEFs.

Recent studies identified the distribution of the PEFs in PtK1 cells ([@bib33]). Based on these studies, we assume a constant PEF from the spindle pole to a predefined point, *x~d~*, within the half spindle, and a linearly decreasing function within the interval \[−*x~d~*, *x~d~*\], as shown in [Fig. 6 A](#fig6){ref-type="fig"} (black line). Thus, the distribution of the PEFs in the models described in the following sections differs from our and others' previous consideration ([@bib32]; [@bib11]).

### Numerical solution method and algorithm Here we outline the general methods of solution of the system of ODEs (typically composed of 52--102 equations) for both models, and further model-specific details are described separately in subsequent sections.

The large set of coupled ODEs obtained by writing the FB equations on the sister KTs and their kMTs are solved with a forward Euler algorithm as described in [@bib11] using custom-made MATLAB scripts. In the script, the initial conditions are as follows: sister KTs are positioned around the equator (*x* = 0), at rest length ($d_{0}^{coh}$) away from one another. The MT plus ends are randomly positioned near the KTs (using the built-in uniform pseudorandom number generator in MATLAB, *rand*), and all MT minus ends are positioned at the spindle poles. The polymerization/depolymerization state of the MT plus ends are selected randomly (*rand*), and all motor proteins (sliding, CENP-E, and dynein, as it applies) and nonmotor linkages (Ndc80 complexes, as it applies) are initially "free," not attached to MTs. In the new model, at *t* = *t~0~*, all Ndc80 complexes (viscoelastic bonds) are at rest, with their pole-proximal end located at rest length ($d_{0}^{Ndc}$) distance away from their KT. Thus, the system is at rest, and no kMT or motor protein--Ndc80 complex is attached, hence all forces are equal to zero except for the PEFs (equal in magnitude, opposite in direction) at the current positions of the sister KTs.

Starting from these initial conditions (which differ slightly from one another at each realization due to the pseudorandom number generator used for the MT plus ends), at each time step t~n~ (t~n+1~ = t~n~ + Δt) in the algorithm, we begin by executing the attachment/detachment event of each motor protein (and/or each Ndc80 complex) by computing the probability of its attachment/detachment kinetic under the current load. To this end, first, the attachment/detachment rates (*k~on~* or *k~off~*) of the motor proteins/Ndc80 complexes are computed. If a kinetic rate is force-dependent, for example, for *k* = *k~off~* (*f*), the current rate is determined using the current force on the protein, via $k_{off}\left( f \right) = k_{off}^{0}\text{exp}\left( f/F_{det} \right)$, where $k_{off}^{0}$ and *F~det~* are the detachment rate at zero load and the force at which detachment rate decreases e-fold, respectively (Fig. S1 A). Then, for each motor, the probability of detachment/attachment is computed using *P* = 1 − exp(−*k*), where *k* represents the appropriate kinetic rate. Next, a pseudorandom number, *r*, is selected for each motor using the MATLAB function *rand*. If *r* \< *P*, the event (attachment/detachment) is realized, and the current state of the motor protein--Ndc80 complex is updated to "attached" from "free," or vice versa. If *r* ≥ *P*, the state of the motor protein--Ndc80 complex is left unchanged. Once the attachment/detachment events are executed, the set of FB equations (algebraic) are solved using the updated number of attached motor protein--Ndc80 complexes at the current time step, yielding the velocities of and forces exerted on the kMTs, motors, and sister KTs. Next, the stochastic switch rate of each MT plus end is computed similarly to the attachment/detachment of motor protein--Ndc80 complex as described in the beginning of this paragraph. We assume that *P* = 1 − exp(−*f~cat~*) (or *P* = 1 − exp(−*f~res~*)) is the probability of catastrophe (or rescue) of a MT plus end, and this probability is compared with a random number, *r*, as described earlier in this paragraph to execute the switch between the growth and shrinkage state of each MT plus end. Finally, once the states of all MT plus ends are determined, the position of each sister KT is updated using its newly computed velocity *v~chr~*, as $X_{KT}^{R}\left( t_{n + 1} \right) = X_{KT}^{R}\left( t_{n} \right) + v_{chr}^{R}\Delta t$, whereas each MT plus end is moved poleward using its newly computed sliding rate *v~slidng~*, and its newly computed polymerization/depolymerization state $v_{poly/depoly}^{R,i}\left( t \right)$, as $X_{kMT}^{R,i}\left( t_{n + 1} \right) = X_{kMT}^{R,i}\left( t_{n} \right) + v_{sliding}^{R,i}\Delta t + v_{poly/depoly}^{R,i}$. Also, the force on each motor protein--Ndc80 complex is updated with the newly computed force, to be used for the stochastic kinetic computation in the next time step. The time step is incremented, and the sequence of events are repeated typically for thousands of time steps, equivalent to several hours in real time, to ensure stable behaviour.

### FB model adapted from the model for *Drosophila* embryo: rescue and catastrophe frequency of kMT plus ends.

In this model, the kMT plus end DI is the same as in [@bib11]. Namely, we assume that depolymerases (kinesin-13) located at the KT alter the rescue frequency of kMTs in a tension-dependent manner. We assume that the depolymerase effectively acts on the plus ends of the MTs when tension is low, and its action is diminished with tension. The tension on the kMT is *F~tension~ =* (*α F~cohesin~* + *β F~PE~* + *γ F~KT~)/M,* (see [Fig. 4 A](#fig4){ref-type="fig"} for forces), where *M* is the current number of attached MTs to the KT in consideration (left or right), and *α*, *β*, and *γ* are nondimensionalization factors (units of pN^−1^). Then tension dependence of rescue frequency is defined by:$$f_{res}\left( \mathsf{F}_{\mathsf{tension}} \right) = f_{res}^{0}\text{exp}\left( {- \frac{\mathsf{F}_{\mathsf{tension}}}{F_{res}}} \right),$$where $f_{res}^{0}$ and *F~res~* are the tension-free rescue frequency and the tension force at which the effect of the KT-associated depolymerase decreases by e-fold, respectively ([@bib50]). When the MT plus end contacts and begins impinging on the KT plate, we assume that it stops growing (adding tubulin subunits to its plus end) and its catastrophe frequency is increased by a factor of *ϕ* (i.e., $f_{cat}^{impinge} = f_{cat}/\phi$), and its rescue frequency returns to low tension state $f_{res}^{0}$, regardless of the current tension on the KT, while it continues to impinge on the KT plate.

### FB model for PtK1 cell chromosome dynamics: viscoelastic KT--MT linkages in the absence of KT-motors.

The framework of this model is identical to the model described in the previous section. However, the molecules responsible for forces on the KT and the kMT and their biophysical properties differ. Specifically, here we assume that force resulting from the opposing action of active CENP-E and dynein motors at the KT is of negligible magnitude during metaphase, and we do not account for these forces. Instead, we assume that the nonmotor viscoelastic linkages (Ndc80 complexes) provide the attachment of the sister KTs to spindle MTs, and the stretching/compression of these Ndc80 complexes resulting from the relative movement of a KT and the kMT each complex is attached to, exerts a force on the KT and the kMT (Fig. S2 A). The forces exerted on the KTs (and the kMTs) by attached viscoelastic Ndc80 complexes are described by an elastic spring constant *κ~Ndc80~*, and a viscous friction coefficient *ε~Ndc80~* ([Fig. 4 C](#fig4){ref-type="fig"} and Table S1). We assume that when a kMT plus end reaches a critical distance from the KT plate, polymerization is hindered, and hence in this model we neglect polymerization ratcheting forces that may result from kMT plus ends impinging on the KT plate (i.e., *F~poly~* = 0). Therefore, the equations for the KTs and the kMTs in [@bib11] were further revised by eliminating the motor-generated forces and replacing them by the Ndc80 complex--generated forces, as well as by eliminating the polymerization ratcheting forces (*F~poly~* = 0; [Fig. 4 D](#fig4){ref-type="fig"}).

### Force-dependent binding/detachment kinetics of the Ndc80 complex.

In the model, we assume that the Ndc80 complexes exhibit the same attachment rates to, but different force-sensitive detachment rates from, polymerizing and depolymerizing MT ends. The pseudo first order attachment rate $k_{on}^{Ndc80}$ (s^−1^) is assumed to be independent of load, but the detachment rate $k_{off}^{Ndc80}$ is assumed to be force dependent, and further assumed to be different for polymerizing and depolymerizing MTs in its functional form. The detachment rate of the Ndc80 complex from polymerizing MTs is assumed to increase exponentially with force, and is defined by$$k_{off,poly}^{Ndc80}\left( f \right) = k_{off,poly}^{Ndc80}\left( 0 \right)\text{exp}\left( \frac{f}{F_{poly}^{Ndc}} \right),$$where $k_{off,poly}^{Ndc80}\left( 0 \right)$ is the detachment rate in the absence of load, and $F_{poly}^{Ndc}$ is the critical load force at which the rate increases e-fold (Fig. S2 B). The force dependence of the detachment rate of Ndc80 complex from depolymerizing MTs, however, is assumed to have a biphasic shape: it initially decreases in response to force, then increases under larger forces. In the model, it is described by$$k_{off,depoly}^{Ndc80}\left( f \right) = k_{off,depoly}^{Ndc80}\left( 0 \right)\text{exp}\left( \frac{f}{F_{depoly}^{Ndc}} \right)\text{exp}\left( \frac{f - F_{switch}}{F_{depoly}^{Ndc}} \right),$$where $k_{off,depoly}^{Ndc80}\left( 0 \right)$ is the detachment rate in the absence of load, $F_{depoly}^{Ndc}$ is the critical load force at which the rate decreases e-fold, and *F~switch~* is the load force typical of the turnaround in detachment rate (Fig. S2 C). This type of biphasic (catch-bond) behavior is typical of adhesion molecules ([@bib16]; [@bib19]), but is not a characteristic property of MT-based motors, including kinesins and dynein ([@bib12]; [@bib54]; [@bib57]).

### MT plus and minus end dynamics.

We assume that the MT plus end polymerization/growth rate is limited by the position of the KTs, and that MTs cannot grow into or past the inner KT. We also assume that a KT-attached MT (a kMT) cannot depolymerize past the position of an attached Ndc80 complex; i.e., a tubulin dimer to which an Ndc80 complex is attached cannot be dissociated from the lattice. Consequently, the depolymerization/shrinkage rate of each kMT is limited by the position of the attachment point of its Ndc80 complex closest to its KT. We assume that the rescue frequency of MT plus ends depends on tension force, *F*, on the kMT, increasing with tension $f_{res}\left( F \right) = f_{res}^{0}\text{exp}\left( F/F_{res} \right)$, where $f_{res}^{0}$ and *F~res~* are the rescue rate in the absence of load, and the tension force at which rescue frequency increases e-fold, respectively. The catastrophe frequency of an MT plus end is assumed to be dependent on its growth velocity, and on its length (the effect of kinesin-8 motors, for example), increasing with a decreasing growth rate and increasing length ([@bib29]; [@bib59]). For an MT of length *l*, growing at rate *v*, the catastrophe frequency is therefore defined by$$f_{cat}\left( l,v \right) = f_{cat}^{0}\left( \frac{l}{L_{av}} \right)\text{exp}\left( \frac{V_{free} - v}{V_{g}} \right),$$where $f_{cat}^{0}$ is the catastrophe frequency for "free" growth rate (*V~free~* = *v~g~*/*k~vg~*), *V~g~* is the critical growth rate at which the catastrophe frequency decreases e-fold, *L~av~* is the mean MT length in the spindle, and $f_{cat}^{0}$ represents its catastrophe rate. For the plus ends of the unattached MTs, v = *V~free~* *=* *v~g~*.

### Polar ejection forces.

The PEF function is as described above ("Distribution of PEFs" section and [Fig. 6 A](#fig6){ref-type="fig"}). For the solutions shown in [Fig. 5](#fig5){ref-type="fig"}, the linearly decreasing PEF function shown in black in [Fig. 6 A](#fig6){ref-type="fig"} was used, and for the solutions shown in [Fig. 6 (B--G)](#fig6){ref-type="fig"}, the nonlinear PEF function shown in red in [Fig. 6 A](#fig6){ref-type="fig"} was used. We propose that the PEF functions differ between the middle KTs and the peripheral KTs in two ways. First, PEFs have different baseline values (higher for the peripheral chromosomes) at positions proximal to the poles ([Fig. 6 A](#fig6){ref-type="fig"}). This difference in the baseline value is based on a simple and conservative approximation of the number of MTs nucleated at the pole that can potentially reach the chromosome arms as follows: assuming that the surface area of the chromosome arm can be approximated by an ellipse, with major axis length *a~middle~* and *a~peripheral~*, and same minor axis, the surface area of the peripheral and middle chromosome would obey S*~peripheral~* = (*a~middle~*/*a~peripheral~*)^2^ S*~middle~*. We conservatively assume that *a~peripheral~* = 3 *a~middle~*. Further assuming that MT nucleation occurs only at the centrosomes equally in all directions, because the probability of MTs to encounter a chromosome arm is proportional to the surface area of the chromosome arm, this gives rise to the likelihood that an MT is 3^2^ = 9 times more likely to reach the arm of a peripheral chromosome at a distance proximal to the pole, where the length-dependent catastrophe rate of the MTs has little effect on MT plus end distribution (see explanation later in this paragraph), setting the baseline higher for the peripheral chromosomes. We propose that this is an underestimate, as there is also the additional "crowding" effect for the middle sister KTs, where they become shielded by neighboring chromosomes (as discussed in the results). Second, the PEFs increase linearly around the equator for the middle KTs and nonlinearly for the peripheral KTs ([Fig. 6 A](#fig6){ref-type="fig"}). For the middle chromosomes, it has been experimentally shown that PEFs increase in a sublinear fashion around the equator ([@bib33]), and for simplicity, here we assume a linear distribution. A length-dependent catastrophe frequency of MT plus ends would give rise to a highly nonlinear distribution of MT plus ends at long distances, *x*, away from the poles, which is well described by *f~PEF~*(*x*) = exp\[−*x*ln(*x*)\] ([@bib64]). However, the experimental findings do not support such a nonlinear increase in PEFs for excursion distances displayed by middle sister KTs, roughly ranging from R/2 to 3R/2, where R is the half spindle length ([@bib33]), suggesting that the PEFs remain within the linear regimen at this distance range. Nevertheless, because of the geometry of the spindle in these flat cells, the length of a MT impinging on the middle of a peripheral chromosome's arm (three times the size of one in the middle of the spindle), is on average twice as long as one in the middle of the spindle (differs approximately by a factor of $\left\lbrack {\text{cos}\left( {\pi/3} \right)} \right\rbrack^{- 1}$) at the same distance, *x*, away from the metaphase plate. Thus, here we propose that for the peripheral chromosome arms, the PEF function enters the nonlinear regimen, reflecting a length-dependent catastrophe rate of the MT plus ends.

Online supplemental material
----------------------------

Fig. S1 illustrates the features of the model with motor-dependent KT--MT interactions and the behavior of sister KTs within such model. Fig. S2 illustrates the forces exerted by Ndc80 complexes on a KT and its kMTs and the Ndc80 dissociation kinetics in the model based on nonmotor, viscoelastic bonds. Fig. S3 reports the model data for the distribution of the standard deviations of the distances from the pole for middle and peripheral KTs. Table S1 is a comprehensive list of the parameters used in our mathematical model. Video 1 shows computer simulations of KT and kMT dynamics for oscillating and nonoscillating sister KT pairs. Video 2 shows KT dynamics in HEC1-GFP PtK1 cells that were either uninjected or injected with Kif2a or Hec1 antibodies or a combination of the two. Online supplemental material is available at <http://www.jcb.org/cgi/content/full/jcb.201301022/DC1>.
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